Background: Pathways underlying fatty acid potentiation of glucose-stimulated insulin secretion have not been fully elucidated.
droxyacetone phosphate to glycerol-3-phosphate. The fatty acid-induced increase in glycolysis also resulted in increases in tricarboxylic cycle flux and oxygen consumption. Inhibition of fatty acid activation of FFAR1/GPR40 by an antagonist decreased glycerolipid formation, attenuated fatty acid increases in glucose oxidation, and increased mitochondrial FA flux, as evidenced by increased acylcarnitine levels. Conversely, FFAR1/ GPR40 activation in the presence of low FA increased flux into glycerolipids and enhanced glucose oxidation. These results suggest that, by remodeling glucose and lipid metabolism, fatty acid significantly increases the formation of both lipid-and TCA cycle-derived intermediates that augment insulin secretion, increasing our understanding of mechanisms underlying ␤ cell insulin secretion.
Glucose-stimulated insulin secretion (GSIS)
2 is mediated by a series of events that depend upon increases in glycolytic and tricarboxylic cycle (TCA) flux and the generation of metabolic coupling factors (1) . Glycolytically derived ATP likely plays a role on the closure of K ATP channels during the early phase of insulin secretion (1) , and efficient glycolysis is dependent upon regeneration of NAD ϩ , at least in part via malate-aspartate and glycerol-3-phosphate shuttles (2) . The TCA cycle is thought to participate in substrate cycling, which allows the generation of NADPH and other proposed intermediates that participate in the augmentation of insulin secretion (3) .
Free fatty acids play an important role in regulating ␤ cell function under physiological and pathological conditions. Exposure to fatty acid is known to amplify GSIS, with optimal potentiation dependent upon both fatty acid metabolism within the ␤ cell (4, 5) and activation of the FFAR1/GPR40 receptor. Activation of this surface G protein-coupled receptor has been shown to be responsible for ϳ50% of the fatty acid potentiation effect of the second phase of GSIS in rat islets (6, 7) . Both lipogenesis and lipolysis generate glycerolipids, such as DAG, which provides additional signals for potentiating GSIS (8) . Fatty acids must be esterified to acyl-CoAs to function in GSIS potentiation. Inhibition of lipogenesis by triascin C, an acyl-CoA synthase inhibitor, inhibited FFA potentiation of insulin secretion in rat islets (9) . Long chain acyl-CoA can act as a lipid signal for insulin exocytosis (10, 11) , increase intracellular free calcium, and modulate K ATP (12) and calcium channels (13) . Increased formation of malonyl-CoA via mitochondrially derived citrate reduces fatty acid oxidation and enhances lipogenesis (5) , increasing the availability of acyl-CoAs for metabolism. In addition, inhibition of lipase decreased phase 2 insulin secretion in rat islets (14) , indicating a role for lipolysis in the potentiation of insulin secretion. The decrease was reversed by palmitic acid, suggesting that lipolysis can be substituted by de novo generation of signaling lipids.
To our knowledge, there are no large scale assessments of metabolite changes in response to acute fatty acid exposure in ␤ cells. In previous papers (15, 16) , we have shown that INS-1 cells provide a tractable model for studying GSIS and assessments of flux through multiple metabolic pathways. Using these techniques, we assessed the changes in the INS-1 cell metabolome associated with fatty acid potentiation of GSIS. In addition to temporal changes in metabolites, we used both [U- 13 C]glucose and [U- 13 C]palmitate to follow remodeling of INS-1 cell metabolism in response to fatty acids and to synthetic FFAR1/GPR40 agonists and antagonists. The studies suggest that fatty acids enhance the flux of dihydroxyacetone phosphate to glycerol-3-phosphate, regenerating NAD ϩ , resulting in enhanced glycolytic and TCA cycle flux. We also provide evidence that FFAR1/GPR40 signaling enhances this flux, providing additional mechanisms for the positive pharmacological action of the FFAR1/GPR40 agonist (17, 18) .
EXPERIMENTAL PROCEDURES

Materials-INS-1 832/3 cells (hereafter called INS-1 cells)
were provided by Dr. Christopher Newgard (Duke University). All chemicals were purchased from Sigma-Aldrich unless noted otherwise.
Cell Culture and Media-INS-1 cells were cultured in RPMI medium as described previously (16) . Cells were incubated in RPMI medium supplemented with 3 mM glucose for ϳ6 h prior to experimentation. Free fatty acid solution was prepared by finely grinding fatty acid (sodium palmitate) using a mortar and pestle and adding it to a warm solution of BSA (fatty acid-free) dissolved in Krebs-Ringer-HEPES buffer (20 mM HEPES, 118 mM NaCl, 5.4 mM KCl, 2.4 mM CaCl 2 , 1.2 mM MgSO 4 , and 1.2 mM KH 2 PO 4 adjusted to pH 7.4 using sodium hydroxide) (16) . Leaving the palmitate solution to stir using a magnetic stirrer for several hours at high speed yielded a homogenous suspension.
Glucose Stimulation-Palmitic or oleic acid (0.5 mM) was complexed with a 0.5% BSA (fatty acid-free) solution in KRHB buffer to achieve a 1:6 molar ratio of BSA to fatty acid. Cells were incubated for 30 min in glucose-free medium with BSA or palmitate or oleate before stimulation with 16.6 mM [
12 C]glucose or [U- 13 C]glucose for time periods ranging from 5-60 min. BSA or fatty acids were present throughout the incubation with glucose. At each time point, cells were snap-frozen using liquid nitrogen and kept at Ϫ80°C until metabolite extraction, as described previously (15) . At each time point, the medium was also collected for insulin measurement.
Fatty Acid Metabolism-Cells were incubated with 500 M [U- 13 C]palmitic acid (Sigma), 500 M [U- 13 C]oleic acid (Sigma), or 0.5% BSA (fatty acid-free) for 30 min in KRHB buffer with 0 mM glucose before stimulation with 16.7 mM [
12 C]glucose for 60 min.
GPR40 Activation and Inhibition-Cells were incubated for 30 min with or without palmitate in the presence of either the FFAR1/GPR40 antagonist GW1100 (5 M) or the FFAR1/ GPR40 agonist Cay 10587 (10 M) (Cayman Chemical, Ann Arbor, MI) or TAK 875 (5 M) (Selleck Chemicals, Houston, TX). Drugs were dissolved in dimethyl sulfoxide, which was added alone for control studies.
Oxygen Consumption and Extracellular Acidification Rate Measurement-Measurements were performed using a SeaHorse XF24 extracellular flux analyzer (SeaHorse Bioscience) using 5ϫ Krebs-Henseleit buffer as described by the manufacturer (555 mM NaCl, 23.5 mM KCl, 10 mM MgSO 4 , and 6 mM Na 2 HPO 4 ). Briefly, cells were seeded in 24 a Seahorse plate in full RPMI medium. RPMI medium was replaced with lowglucose RPMI medium 6 h before the experiment. The cells were incubated at 37°C in the absence of CO 2 for 1 h, after which the medium was changed to KHB containing fatty acid or BSA before the assay. After equilibration, measurements were taken for 10 min, followed by the addition of 16.7 mM glucose for an additional 40 min for assessment of oxygen consumption.
Glucose Utilization-Cells were cultured in either 24-or 6-well plates and starved for 6 h in RPMI medium with 3 mM glucose before changing the medium to KRHB with no glucose for 30 min. This was followed by the addition of 16.7 mM glucose containing D- [5- 3 H]glucose tracer. Cells were quenched and extracted as described in Ref. 19 .
Insulin Measurement and Western Blot Analysis-For the insulin assay, a 100-l aliquot of supernatant was assayed using a rat/mouse insulin ELISA kit (Millipore, Billerica, MA) after dilution with 1% BSA. Western blot analysis for phospho-ACC, phospho-AMPK, or ␤-actin (all from Cell Signaling Technology, Danvers, MA) was performed as described previously (16) . The blot was quantified using ImageJ software (20) .
Metabolite Measurement-Metabolites were extracted using 90% (9:1 methanol: chloroform)/10% water. Polar metabolites were separated using Luna NH 2 , and lipids were separated using an Xbridge BEH C18 XP or Capcell C18 column (2 ϫ 150 mm). Metabolites were detected by time of flight mass spectrometry in negative and positive mode as described previously (16) . Untargeted analysis was performed using XCMS online (21) , and metabolites were identified using accurate mass or authentic standards (if available) (16) . Relative peak areas were used for the relative quantification of identified metabolites (16) .
Statistics-Data are expressed as mean Ϯ S.E. Statistical significance was determined, when appropriate, using unpaired, two-tailed Student's t test, assuming equal variance or analysis of variance using Tukey's post hoc analysis using SPSS. p Ͻ 0.05 was considered significant.
RESULTS
Metabolic Changes Associated with Fatty Acid-induced
Potentiation of GSIS-INS-1 cells were preincubated with BSA or 500 M palmitate complexed to BSA ("palmitate") for 30 min in 0 mM glucose, followed by stimulation with 16.6 mM glucose. Medium was collected for measurement of insulin secretion 0 -60 min after the addition of glucose. Cell extracts were collected for determination of 69 metabolites by LC/MS prior to the addition of BSA or palmitate (Ϫ30 min (30 minutes before the stimulation with glucose)) or from the same cultures used to assess insulin secretion (0 -60 min) (Fig. 1) . As demonstrated 
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previously in islets (4), preincubation of INS-1 cells with fatty acids potentiated GSIS ϳ2-fold at each time point compared with BSA controls ( Fig. 2A) . Heat maps of metabolite profiles ( Fig. 1) showed that 30 min of preincubation with either BSA or palmitate in glucose-free medium resulted in lowering of the concentrations of most metabolites relative to preincubation levels, with the exception of expected rises in nucleotide monophosphate levels. As we (16) and others (22) have observed previously, palmitoyl-CoA decreased rapidly (ϳ50%) following the addition of glucose in both BSA-and palmitate-pretreated cells (Fig. 2B ). This observation is despite the marked increase in palmitoyl-CoA concentration following preincubation with palmitate ( Fig. 2B ). In addition, the concentration of palmitoylcarnitine declined rapidly (Fig. 2C ), likely representing a reduction in the entry of palmitate into the mitochondria. The reduction in fatty acid entry into the mitochondria in ␤ cells has been ascribed to elevations in malonyl-CoA, which inhibits CPT1 activity on the outer mitochondrial membrane (for a review, see Ref. 23) . Indeed, in the absence of fatty acids, malonyl-CoA levels increase following glucose addition to INS-1 cells. However, in the presence of palmitate, the malonyl-CoA rise was blunted ( Figs. 1 and 2D ).
AMP-activated protein kinase (AMPK) is a known regulator of the glycerolipids/free fatty acid cycle (24, 25) and inhibits the formation of malonyl-CoA by phosphorylating ACC. We found that fatty acid addition increased the phosphorylation of AMPK and ACC (Fig. 2 , E and F), increased AMP levels ϳ30% (Fig.  2G) , and resulted in a small but persistent increase in p-ACC following glucose addition (Fig. 2F) . Interestingly, ZMP, an AMP analog known to activate AMPK, also increased after glucose addition with both BSA and fatty acid. However, ZMP remained elevated through the time course of insulin secretion in cells exposed to palmitate (Fig. 2H ), which may also contribute to the increased AMPK and ACC phosphorylation.
Fatty Acid Caused an Increase in de Novo-synthesized Glycerolipids-To assess the effect of fatty acids on the formation of glycerolipids, we used LC/MS to quantify a series of lipid-associated metabolites in INS-1 during GSIS using [U- 13 C]glucose to track the de novo generation of glycerolipids containing palmitate. In the absence of added palmitate, a small rise was seen in the Mϩ3 isotopologues of LPA, palmitic acid, DAG, triglycerides, phosphatidylglycerol (PG) and phosphatidylinositol, and monoacylglycerol (MAG) (Figs. 1 and 3, A-H) . In contrast, total levels and Mϩ3 isotopologues rose significantly in cells preincubated with palmitate (Fig. 3, A-H) with the rise in LPA preceding that of the other lipids, demonstrating a significant increase in the esterification of [U- 13 C]glycerol-3-phosphate (Go3P) (Fig. 3, A-H) . In INS-1 cells, the increase in DAG, suggested previously to play an important role in GSIS (6, 9), was primarily due to increases in Mϩ3 species, suggesting that the bulk of DAG is generated de novo during GSIS in INS-1 cells. We also observed increases in the labeling of phosphatidylcholine and phosphatidylethanolamine and a parallel, rapid decrease in their precursor moieties, CDP-choline and CDP-ethanolamine, respectively (Fig. 3, I-L) . A mass shift of Mϩ3 is detected for all these metabolites, except for PG, which shows Mϩ6 mass shifts, presumably because of the incorporation of two [
13 C]Go3P molecules into the lipid.
Fatty Acid Exposure Increases Sphingosine-1-Phosphate and N-acyl Amide Levels-To further identify metabolites that could be implicated in fatty acid potentiation of GSIS, we used untargeted metabolomic profiling. We found significant increases in sphingosine-1-phosphate and two acylamides, palmitoyl taurine and palmitoyl glycine (Fig. 4, A-C) , whose identities were confirmed by accurate mass and retention time matching with standards. Addition of taurine or glycine increased the levels of palmitoyl taurine and palmitoyl glycine, respectively, in the presence of palmitic acid (Fig. 4, D and E) . Although significant increases in the palmitoylated species were observed, a minimal effect on basal or GSIS was found (Fig. 4F) . Despite recent studies that suggest that acyltaurine species added exogenously to ␤ cells enhanced GSIS (26), we did not detect changes in insulin secretion following the addition of taurine (data not shown) and, similarly, minimal effects of glycine. Fatty Acids Increase Glycolytic and TCA Cycle Carbon FluxFollowing the addition of glucose, glycolytic and pentose phosphate intermediates rose as expected in both BSA-and palmitate-treated cells (Fig. 1) . However, palmitate blunted this rise. By using [U- 13 C]glucose, we found that the levels of fructosebisphosphate fell (Fig. 5A ) because of a reduction in 13 C-labeled intermediates (Fig. 5B) . Similar findings were observed for other glycolytic intermediates (data not shown) as well as in the pentose phosphate intermediates such as 6-phsophoglucanate and ribose and ribulose-5P (not chromatographically resolved) (Fig. 5, C-F) . Similar changes were seen in Go3P levels (Fig. 5, G and H). Palmitate did not affect the glucose-induced rise in 2PG ϩ 3PG 2-phosphoglycerate ϩ 3-phosphoglycerate (2PG ϩ 3PG), which are not chromatographically resolved, or TCA cycle intermediates (Figs. 1 and 5 
, I-K).
Because we found an increase in the flux of glucose into glycerolipids in the presence of palmitate, we hypothesized that the reduction in the glycolytic intermediates was due to their rapid consumption. The conversion of dihydroxyacetone phosphate to Go3P utilizes NADH, and we observed a significant reduction of the NADH levels in palmitate-treated cells following the addition of glucose (Fig. 5L) as well as reduction in NADH/NAD ϩ (Fig. 1) . Fatty Acid Remodeling of ␤-Cell Glycerolipid and Glucose Utilization MAY 9, 2014 • VOLUME 289 • NUMBER 19
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To confirm that these metabolic changes are not restricted to saturated fatty acids, we repeated the same experiment using INS-1 832/13 cells and pretreated cells with BSA, palmitate, or oleate. Oleate-and palmitate-treated cells showed similar reductions in Mϩ3 [
13 C]Go3P following the addition of [U-
13 C]glucose (Fig. 6A ) without changing 2PG ϩ 3PG levels (Fig. 6B) . NADH/NAD ϩ (Fig. 6C ) and malonyl-CoA (Fig. 6D ) were also reduced. Oleate increased the levels of oleoyl-CoA (Fig. 6E ) and oleoyl-LPA (Fig. 6F) , dioleoyl DAG (Fig. 6G) , and trioleol triglyceride (Fig. 6H) , whereas palmitate formed the palmitoylated analogues of these lipid species (Fig. 6,  E-H) . FIGURE 7 . Palmitic acid effect on glycolytic flux, fatty acid oxidation, oxygen consumption, and glucose utilization. A, for the pulse-chase experiment, cells were stimulated with 16.7 mM [U- 13 C]glucose for 15 min (pulse) before the KRHB was replaced with the same medium containing 16.7 mM [ 12 C]glucose for 2 min, after which the cells were quenched and the rate of consumption of labeled Go3P and the rate of formation of unlabeled Go3P in 2 min was plotted. B and C, the OCR and extracellular acidification rate were measured before and after the addition of 16.6 mM glucose. D, the OCR of cells incubated with 500 M palmitate before the addition of 0.2 mM etomoxir followed by 16 3 H]glucose in the presence or absence of 100 or 500 M palmitate. Error bars represent mean Ϯ S.E. with n ϭ 3-4 for metabolites analysis and n ϭ 10 for SeaHorse experiments and n ϭ 3-10 for glucose utilization. *, p Ͻ 0.05 between BSA and palmitate at each time point.
To confirm increased glucose flux to Go3P by fatty acid treatment, we performed a pulse-chase experiment in which a 15-min pulse of [U- 13 C]glucose was chased for 2 min with unlabeled glucose in INS-1 cells pretreated with BSA or palmitate (Fig. 7A) . The consumption of 13 C-labeled Go3P as well as the generation of unlabeled Go3P was faster in the presence of fatty acid (Fig. 7A) , confirming a rapid increase of Go3P consumption following palmitate treatment.
As a consequence of the regeneration of NAD ϩ following palmitate treatment, an increase glucose flux into the TCA cycle would be expected. Thus, we measured oxygen consumption in INS-1 cells pretreated with BSA or palmitate for 30 min. As shown in Fig. 7B , the addition of palmitate produced a small, statistically insignificant increase in oxygen consumption rates (OCR) prior to the addition of glucose. In contrast, following the addition of glucose, palmitate preincubation increased the OCR by ϳ66%, demonstrating an increase in glucose oxidation. Extracellular acidification rose following glucose addition but was not affected by palmitate pretreatment (Fig. 7C) . The rise in extra cellular acidification rate, a measure of lactate production, was small, consistent with the low levels of lactate dehydrogenase in these cells (27) . The OCR in INS-1 cells incubated with 500 M palmitate was not changed by the addition of 0.2 mM etomoxir and did not prevent the rise in the OCR following glucose addition (Fig. 7D) . The minimal contribution of palmitate to oxygen consumption in INS-1 cells was confirmed by the low levels of 13 C carbon incorporation into citrate following exposure of cells to [U- 13 C]palmitate or [U- 13 C]oleate in the presence or absence of glucose (Fig. 7E) .
To further assess flux through the TCA cycle, cells were preincubated with BSA or palmitate and then, for 60 min, in the presence of [U- 13 C]glucose. Measurement of the ratio of 13 C isotopologues of TCA intermediates revealed that fully labeled citrate (Mϩ6), malate (Mϩ4), and aspartate (Mϩ4) were increased in the palmitate-pretreated cells by ϳ35% (Fig. 7F) , supporting an increase of flux of glucose into the TCA cycle following palmitate treatment. Finally, to directly confirm that glucose utilization is increased with fatty acid treatment, we measured 5-[ 3 H]glucose utilization in the presence or absence of palmitate (Fig. 7G-H) . Preincubation of palmitate at 100 and 500 M palmitate increased glucose utilization by ϳ12 and 40%, respectively.
The GPR40 Receptor Modulates FFA Potentiation of GSIS and Fatty Acid Esterification-We next examined the role of the free fatty acid receptor FFAR1/GPR40 on metabolic flux in INS-1 cells. We first preincubated cells with the FFAR1/GPR40 antagonist GW1100 in the presence or absence of 250 M palmitate and measured insulin secretion and metabolite levels in response to the addition of 16.6 mM [U- 13 C]glucose for 30 min. GSIS was decreased significantly by GW1100 inhibition of the GPR40 receptor, both in the absence and presence of palmitate (Fig. 8A) , as described previously (7, 28) . Metabolite analysis showed that palmitate reduced the concentration of Mϩ6 hexose phosphates as well as Mϩ3 Go3P, whereas GW1100-treated samples showed increased levels of Mϩ6 hexoses (Fig. 8B) as well as Mϩ3 Go3P isotopologues (Fig. 8C) following preincubation with palmitate. There was a parallel decrease in the accumulation of Mϩ3 isotopologues of LPA (Fig. 8D ) and various DAG species (Fig. 8, E and F) in antagonist-treated cells following palmitate addition. Conversely, the FFAR1/GPR40 agonist Cay 10587 increased the Mϩ3 isotopologues of DAG, but only in the presence of 50 M palmitate (Fig. 8G) . CDP-ethanolamine increased in the presence of GPR40 antagonist (Fig. 8H) , which is in agreement with our finding that an increase in CDP-ethanolamine may be a marker for decreased activity of the glycerolipids cycle. 3 We repeated these studies with TAK-875, which has shown clinical efficacy in phase II clinical trials (18) . We found that, in the presence of [U- 13 C]glucose and 50 M palmitate, TAK-875 reduced the levels of fructose bisphosphate (Fig.  8I) , and NADH/NAD ϩ ratio (Fig. 8J) , whereas it increased the Mϩ3 isotopologues of DAG (Fig. 8K) and further reduced the levels of CDP-ethanolamine (Fig. 8L) , indicative of increased activity of glycerolipid cycle and opposite that seen in the presence of the inhibitor.
Preincubation of INS-1 cells with GW1100 resulted in an ϳ2-fold increase in palmitoyl-carnitine levels, suggesting an increase in flux of palmitate into the mitochondria (Fig. 9A) . The FFAR1/GPR40 agonist had no effect on palmitoyl-carnitine levels when cells were incubated with a low level (50 M) of palmitate (Fig. 9B) . These results suggest that flux into glycerolipids may be a primary determinant of fatty acid entry into mitochondria rather than modulation of CPT-1 by malonylCoA. Neither antagonist (Fig. 9C) nor agonist (Fig. 9D) affected palmitoyl-CoA accumulation in the absence of glucose, suggesting no effect of FFAR1/GPR40 receptors on fatty acid uptake or activation of the lipids by CoA synthase. To assess the effect of FFAR1/GPR40 activation on lipolysis, we incubated INS-1cells with [U-
13 C]palmitate with or without agonist for 20 min in the absence of glucose. In the presence of agonist, there was an increase in the unlabeled DAG (34:1) and a decrease in the Mϩ16/Mϩ0 labeling ratio (Fig. 9E) , consistent with previous reports of phospholipase C activation by the receptor (29) . Similarly, using [U- 13 C]palmitate and unlabeled glucose, TAK-875 increased the levels of both labeled and unlabeled DAG, also consistent with an increase in both lipogenesis and lipolysis (Fig. 9F) .
Finally, we assessed the effect of FFAR1/GPR40 receptor manipulation on palmitate-stimulated glucose oxidation in INS-1 cells. In the presence of agonist, there was a further increase in glucose oxidation in the presence of palmitate and Cay 10587 (Fig. 9G) . Conversely, the augmentation of glucose oxidation by palmitate was reduced by the FFAR1/GPR40 receptor antagonist (Fig. 9H ). This suggests that FFAR1/GPR40 activation enhances the intrinsic metabolic remodeling of glucose metabolism by fatty acids.
DISCUSSION
The secretion of insulin is primarily regulated by the entry of glucose into the ␤ cell but is modulated by the nervous system and hormonal and nutritive inputs (30) . Fatty acids augment insulin release in vivo and in vitro, and its effects have been shown to be mediated via intracellular metabolism and through surface receptors (8) . In this report, we show that a 30-min incubation of INS-1 cells with palmitate prior to the addition of glucose results in a doubling of insulin release, as seen previously in intact islets (4). Prior to glucose addition, palmitate exposure results in an ϳ7-fold increase in intracellular palmitoyl-CoA and a small increase in oxygen consumption but little effect on basal insulin secretion and minimal changes in the majority of intracellular metabolites, with the exception of a significant increase in the formation of palmitoyl-carnitine, likely generated by the flux of fatty acid into the mitochondria. This suggests that, despite a small increase in TCA cycle activity, there is a minimal generation of factors necessary for insulin secretion. Following the addition of [U- 13 C]glucose, palmitoylCoA rapidly declines with the formation Mϩ3 LPA and DAG isotopologues containing palmitate, directly demonstrating that acyl-CoAs are rapidly esterified to Go3P derived from extracellular glucose. This effect is not limited to saturated fatty acids because identical changes are seen following preincubation of INS-1 cells with oleic acid (Fig. 6) .
The esterification of fatty acids with Go3P has several effects that appear to contribute to their ability to augment insulin secretion. We identified an increased glycolytic flux toward Go3P (Fig. 7A) , reduced NADH levels, and a decrease in the NADH/NAD ϩ ratio following fatty acid addition (Figs. 1 and 4 ). As suggested previously (31), we show directly that fatty acid addition increases glycolytic (Fig. 7A ) and TCA cycle (Fig. 7F) flux, glucose utilization (Fig. 7, G and H) , and glucose oxidation (Fig. 7B) . Each should result in the generation of additional stimulus-secreting coupling factors that have been suggested to arise from the mitochondrial metabolism in ␤ cells (1) . Although fatty acids increased glucose oxidation, glucose addition reduced fatty acid entry and oxidation in mitochondria, as indicated by the fall in C16 acylcarnitine levels (Fig. 2C) . The reduction in fatty acid mitochondrial uptake has been attributed to increases in malonyl-CoA inhibition of CPT-1. Although malonyl-CoA levels rise with glucose, fatty acid addition results in a significant blunting of the rise in malonyl-CoA in INS-1 cells (Fig. 2D) . The reason for the reduction is not clear, but decreased export of citrate/isocitrate from the mitochondria or an increase in consumption for de novo lipogenesis may play a role. These results also suggest that the decrease in fatty acid oxidation following glucose addition may be primarily due to the redirection of acyl-CoA toward esterification rather than blocking of the influx to the mitochondria via CPT1 inhibition by malonyl-CoA.
The increase in de novo lipogenesis resulted in the generation of a variety of lipid intermediates that have been described as candidate signals for insulin secretion (8) . Lipogenesis is part of the larger glycerolipid-free fatty acid cycle, which is activated by glucose in ␤ cells, and there is evidence that both the lipogenic and lipolytic arms of the cycle supply important signaling molecules (23) . In glucose-responsive INS-1 cells, we find that the majority of increases in whole cell lipid intermediates, includ- ing LPA, palmitic acid, DAG, PG, phosphatidylinositol, and monoacylglycerol, arise from the lipogenesis pathway because little increases in Mϩ0 isotopologues are found, even after 60 min of glucose stimulation. DAG has multiple potential roles in insulin secretion, including activation of Munc13-1, a receptor known to amplify insulin exocytosis (32, 33) and activation of protein kinase D1 (PKD1), which modulates the reorganization of the cortical actin network, perhaps playing a role in the second phase of insulin secretion (6) . Recently, Prentki et al. (23) have suggested that increases in monoacylglycerol as well as DAG in ␤ cells can activate Munc13-1.
In addition to lipid species identified previously, we found marked increases in cellular content of various acylamides. These fatty acid derivatives have not been reported previously in ␤ cells, and their effect is unknown. Acylamides have been found in neuronal tissue and reportedly possess various functions (34, 35) , including modulation of calcium flux, nitric oxide generation (36) , and transient receptor potential (TRP) calcium channels (37). Although we were able to increase the intracellular concentration of those metabolites by increasing the levels of their amino acid precursors, this did not result in alterations in insulin secretion. Interestingly, taurine has been suggested to restore ␤ cell insulin secretion following chronic fatty acid exposure. However, this beneficial effect was attributed to its antioxidant ability (38) .
The activation of the FFAR1/GPR40 receptor mediates about 50% of the augmentation of insulin secretion by fatty acid (7). As indicated above, FFAR1/GPR40 has been proposed to increase ␤ cell calcium and activate phospholipase C-generating diacylglycerols, which may tether PKD1 to the plasma membrane increasing its activity (6) , although the latter has not been demonstrated directly in ␤ cells. We sought to determine whether acute modulation of FFAR1/GPR40 had an effect on the ␤ cell metabolome. Inhibiting FFAR1/GPR40 receptors resulted in attenuation of the free fatty acid augmentation of de novo DAG synthesis. It also decreased oxygen consumption by INS-1 cells and decreased insulin secretion. In contrast, FFAR1/GPR40 agonists increased the flux of glucose and palmitate into DAG, increased lipolysis, and increased oxygen consumption. The increase in palmitoyl carnitine levels following disruption of GPR40 signaling reflects increased fatty acid influx into mitochondria. The redirection of fatty acids into the mitochondria for oxidation by overexpression of CPT-1 has been shown to be associated with an attenuation of insulin secretion (39, 40) , and this redirection is associated with decreased glycerolipid formation (39) . Thus, it appears that GPR40 activation is important for augmenting the partitioning of fatty acids to the glycerolipid pathway and fatty acid enhancement of GSIS.
These data are also in agreement with studies that show that the GPR40 agonist TAK-875 is more effective in the presence of fatty acids to increase insulin secretion (41), although they attribute the augmentation to enhanced binding of the agonist to the receptor. However, our data are somewhat at odds with a previous study by Alquier et al. (42) examining glucose and fatty acid utilization in islets isolated from GPR40 Ϫ/Ϫ mice. Consistent with our data, the authors saw no effect of GPR40 disruption on glucose utilization in the absence of fatty acids, although glucose utilization was not assessed in the presence of fatty acids. However, they saw no reduction in the incorporation of palmitate into total lipids. This may reflect our direct assessment of 13 C label flux into specific glycerolipids or might indicate intrinsic differences between islets and INS-1 cells or the potential for adaptation of islets following disruption of GPR40 in mice. The development of a specific methodology to estimate metabolite flux in intact rodent islets will help clarify these potential differences.
In summary, our data suggest that FFAR1/GPR40 enhances the intrinsic effects of fatty acids to remodel the intermediary metabolism to augment insulin secretion. This effect does not appear to be due to increased uptake or activation of fatty acid because disruption of FFAR1/GPR40 did not alter the levels of palmitoyl-CoA in INS-1 cells. At present, it is unclear how the activity of the pathways leading to de novo lipogenesis occurs following FFAR1/GPR40 activation, but modulation of G3P FIGURE 10. Proposed pathways for fatty acid metabolism during the fed and fasting state and its role in potentiating insulin secretion. In ␤ cells, fatty acids increase glucose flux to glycerol-3-phosphate (Glycerol-3-P) to increase formation of lysophosphatidic acid (LPA) and downstream signaling molecules. The increased conversion of dihydroxyacetone phosphate regenerates NAD ϩ , which increases glycolytic flux and increases TCA cycle activity. FFAR1/GPR40 receptor activation appears to enhance the formation of LPA and increase glycerolipid cycling. LC-CoA, long chain CoA.
acyltransferase (GPAT) activity may be a target, given the increased flux into the early steps of the lipogenic pathway. Our data are also consistent with the idea that, in the fasting state, plasma fatty acids increase, leading to increased long chain acyl-CoA levels in ␤ cells. Although glucose and fatty acid oxidation is occurring, there is minimal generation of coupling factors to increase insulin secretion (Fig. 10A) . As glucose levels rise after feeding, the presence of fatty acids increases esterification with glycerol-3-phosphate, resulting in an increased flux to glycolipids and the formation of lipid-derived factors important in insulin secretion (Fig. 10B) . The increased flux increases regeneration of NAD ϩ , accelerating glycolysis and flux into the TCA cycle above that which would occur following exposure to glucose alone. Our data also suggests that, in addition to the activation of the PLC-PKD1 pathway described previously (6), FFAR1/GPR40 activation also enhances flux through the glycerolipid pathway, augmenting the formation of coupling factors. This may be important because fatty acid entry into the ␤ cell likely falls as plasma fatty acids decrease following a meal because of insulin-mediated reduction in lipolysis in fat cells. Thus, activation of the FFAR1/GPR40 receptor by fatty acids or receptor agonists (18) may ensure continued fatty acid esterification and the provision of signaling lipids for insulin secretion.
